Photoreceptor apoptosis and resultant visual deficits occur in humans and animals with inherited and disease-, injury-, and chemical-induced retinal degeneration. A clinically relevant mouse model of progressive rod photoreceptor-selective apoptosis was produced by low-level developmental lead exposure and studied in combination with transgenic mice overexpressing Bcl-xL only in the photoreceptors. A multiparametric analysis of rod apoptosis and mitochondrial structure-function was performed. Mitochondrial cristae topography and connectivity, matrix volume, and contact sites were examined by using 3D electron tomography. Leadinduced rod-selective apoptosis was accompanied by rod Ca 2؉ overload, rhodopsin loss, translocation of Bax from the cytosol to the mitochondria, decreased rod mitochondrial respiration and membrane potential, mitochondrial cytochrome c release, caspase-3 activation, and an increase in the number of mitochondrial contact sites. These effects occurred without mitochondrial matrix swelling, outer membrane rupture, caspase-8 activation, or Bid cleavage. Bcl-xL overexpression completely blocked all apoptotic events, except Ca 2؉ overload, and maintained normal rod mitochondrial function throughout adulthood. This study presents images of mitochondrial contact sites in an in vivo apoptosis model and shows that Bcl-xL overexpression blocks increased contact sites and apoptosis. These findings extend our in vitro retinal studies with Pb 2؉ and Ca 2؉ and suggest that developmental lead exposure produced rod-selective apoptosis without mitochondrial swelling by translocating cytosolic Bax to the mitochondria, which likely sensitized the Pb 2؉ and Ca 2؉ overloaded rod mitochondria to release cytochrome c. These results have relevance for therapies in a wide variety of progressive retinal and neuronal degenerations where Ca 2؉ overload, lead exposure, and͞or mitochondrial dysfunction occur.
A poptotic photoreceptor cell death and visual deficits occur in developing and adult humans and animals with inherited as well as disease-, injury-, and chemical-induced retinal degeneration (1) (2) (3) (4) (5) (6) (7) (8) (9) . The kinetics of rod apoptosis and decay of rod electroretinogram responses in patients and animals with slowly progressing retinal degeneration follow an exponential decline (10) . This finding suggests that a single stochastic biochemical event such as Ca 2ϩ overload or the generation of reactive oxygen species initiates or amplifies this catastrophic event (7, (10) (11) (12) .
Results showing that rat retinas incubated in Ca 2ϩ and͞or Pb 2ϩ undergo rod-selective apoptosis by opening the mitochondrial permeability transition pore and activating the cytochrome c (Cyt c)-caspase cascade support this prediction (7) . The aims of this in vivo study were to develop and characterize a pathophysiologically relevant model of progressive rod-selective apoptosis, to determine the mitochondrial mechanisms underlying the rod apoptosis, and to determine whether Bcl-x L overexpression preserved rod viability as well as mitochondrial ultrastructure, substructure, and bioenergetic function.
Bcl-2 and Bcl-x L overexpression prevent apoptosis in excitable and nonexcitable tissues͞cells triggered by Ca 2ϩ overload, Bax and Bak, reactive oxygen species as well as during neuronal development (13) (14) (15) (16) (17) (18) . The anti-and pro-apoptotic Bcl-2 family proteins are located in or translocated to the outer and inner mitochondrial membranes (OMM and IMM) or contact sites (CSs) (17) (18) (19) (20) (21) (22) . The mitochondrial localization of these proteins and their role in regulating the release of Cyt c across the OMM suggest that the antiapoptotic Bcl-2 family members exert their function by binding and regulating mitochondrial proteins located at the CSs (15, (19) (20) (21) (22) .
Here we show that low-level developmental lead exposure produced rod-selective apoptosis that was mediated by Bax translocation, decreased the mitochondrial membrane potential (⌬⌿ m ), and caused Cyt c release and caspase-3 activation. Three-dimensional (3D) electron microscopic (EM) tomography revealed a lead-induced increase in the number of mitochondrial CSs without mitochondrial matrix swelling or outer membrane rupture. No evidence of Bid activation was found. Bcl-x L overexpression completely blocked all apoptotic events, and maintained normal rod mitochondrial structure and function. These results suggest that Bcl-x L exerts its antiapoptotic effect by blocking Bax translocation to the mitochondria.
Materials and Methods
Production and Identification of Bcl-xL Transgenic Mice. The interphotoreceptor retinoid binding protein (IRBP)-bcl-x L transgene was constructed as described (23) , except that the IRBP promoter was cloned immediately upstream of the bcl-x L transgene. The ClaI͞XhoI fragment containing IRBP-bcl-x L was excised and purified for microinjection. Injected embryos were implanted into pseudopregnant CB6F1 female mice. Six lines of transgenic mice overexpressing Bcl-x L in photoreceptors were made. For all studies presented herein, line 3 was used as the founder had the highest level of Bcl-x L expression. The transgene in offspring was identified by Southern blot analysis (data not shown). Subsequent offspring were screened for the transgene by PCR. Whole mouse eyes were fixed overnight. Paraffin sections were cut, and Bcl-x L was detected by immunohistochemistry as described (23) . Immunoblotting analysis confirmed the presence of the 28-kDa band of overexpressed Bcl-x L protein (data not shown).
Developmental Lead Exposure Model. Bcl-x L transgenic female mice were mated with C57BL͞6 control males. Pregnant mice were divided into control and lead-exposed groups. On the day of birth (postnatal day 0, PN0) through weaning (PN21), dams in the lead group received a 0.15% lead acetate drinking solution. Weaned pups received tap water and Purina chow ad libitum. The dams' food and fluid intake were not altered by lead exposure. All pups exhibited normal development. Animals were genotyped and divided into four groups: wild-type (control), Bcl-x L transgenic (Bcl-x L ), wild-type͞Lead (Lead), and Bcl-x L transgenic͞Lead (Bcl-x L ͞Lead). Elemental lead ([Pb]) was measured (mean Ϯ SEM; five to seven mice per age) as described (24) . At PN21, blood and retinal [Pb] in controls were 2 Ϯ 1 g͞dl and 0.02 Ϯ 0.02 ppm, respectively, and in lead-exposed mice were 26 Ϯ 5 g͞dl and 0.23 Ϯ 0.04 ppm, respectively. At PN90, blood and retinal [Pb] in controls were 4 Ϯ 2 g͞dl and 0.05 Ϯ 0.02 ppm, respectively, and in lead-exposed mice were 6 Ϯ 3 g͞dl and 0.10 Ϯ 0.03 ppm, respectively. Rod outer-inner segment (OS-IS) [Ca] was measured in three to five darkadapted mice at PN25 as described (24, 25) .
To minimize the possibility that our results occurred during the assays because of increased Ca 2ϩ and͞or Pb 2ϩ (7) or mitochondrial fragility (26) , retinas were rinsed in an EGTA buffer and assays were run with and without 10 M cyclosporin A, which blocks all Ca 2ϩ -and Pb 2ϩ -induced rod apoptosis (7) . No differences were found, so the data were combined.
Histology, EM, and Rhodopsin Assay. Counts of rod and cone cells (nuclei) were made in four retinal quadrants in PN7-180 mice (three to seven mice per age): central retina and far periphery of the superior and inferior temporal quadrants as described (2, 27) . For EM, retinas from PN21 mice were immersion fixed and stained, and ultra-thin sections were examined in a JEOL 100-C or 1200EX as described (2, 5) . Rhodopsin content (nmol) per eye was determined in PN90 mice (five to seven mice per group) as described (2, 27) .
DNA Fragmentation.
To detect cleavage of genomic DNA into high molecular weight fragments, single cell retinal suspensions were made from each pair of PN21 mouse retinas and field inversion gel electrophoresis (FIGE; three to five experiments) was used as described (7) . DNA fragments were visualized by UV fluorescence.
Determination of ⌬⌿m. PN21 mouse retinas were stained with JC-1 (5,5Ј,6,6Ј-tetrachloro-1,1Ј3,3Ј-tetraethylbenzimidazolycarbo-cyanine), whole mounted and examined with a fluorescence microscope (three to five experiments) as described (7) . Pairs of digitized and processed images of the same rods from intact retinas showing red (585 nm) and green (520 nm) fluorescence were captured.
Rod Photoreceptor Oxygen Consumption (QOPR)
. QO PR was recorded from isolated pairs of PN25 and PN90 mouse retinas. QO PR was determined polarographically and recorded continuously in the dark or during presentation of a rod-saturating light adapting stimulus as described (25, 28) .
EM Tomography: Single-and Double-Tilt Series. Three-dimensional tomographic reconstructions of rod mitochondria from immersion fixed PN21 mouse retinas were imaged in situ as described (29, 30) . Three-dimensional reconstructions were obtained from semithick samples in a tilt-series every 2°from Ϯ60°on a JEOL 4000EX operated at 400 kV. Double-tilt tomography provided more isotropic resolution (31) . Ten different measurements of rod mitochondrial substructures were obtained: cristae widths, cristae junction diameters, OMM-IMM widths, CS widths, CS diameters, CS surface area, CS density, cristae͞mitochondrial volume, cristae͞mitochondrial surface area, and cristae segments per unit volume. Overall, measurements were from 61 different rod mitochondria with three or four mice per group.
Western Blot Analysis. To detect Cyt c release, Bax translocation, and Bid cleavage, retinal cytosolic and mitochondrial fractions from PN21 control and lead-exposed mice were prepared (n ϭ 3 per treatment) and the immunoblots were run as described (7). Blots were probed with an anti-Cyt c mouse monoclonal antibody (7), an anti-Bax monoclonal mouse antibody (mBax 5B7: gift from Yi-Te Hsu, Medical University of South Carolina, Charleston) and an anti-Bid͞tBid polyclonal goat anti-human͞ mouse antibody (1 g͞ml; R & D Systems) followed by HRPconjugated sheep anti-mouse (1:7,500; Amersham Pharmacia) and anti-goat IgG (1:2,000; Santa Cruz Biotechnology), respectively. The blots were developed with enhanced chemiluminescence reagents as described (7).
Malate Dehydrogenase (MDH) and Caspase Assays. MDH-specific activity of lubrol-treated supernatant and mitochondria was measured essentially as described (32) . Caspase-3 and -8 activity were measured by using N-acetyl-Asp-Glu-Val-Asp (DEVD)-pnitroanilide and N-acetyl-Ile-Glu-Thr-Asp (IETD)-p-nitroanilide as substrates, respectively, as described (7). For each, three to five experiments on PN21 retinas per group were run. Statistical Analysis. All data analyses were performed by using an ANOVA and Fisher's protected least significant difference (PLSD) post hoc comparisons (STATVIEW, Abacus Concepts, Berkeley, CA). Differences from controls were regarded as significant if P Ͻ 0.05.
Results

Bcl-xL Transgenic Mice and Retinal Expression.
To date, rod-specific (rhodopsin promoter) overexpression of the Bcl-2 transgene in different mouse models of rapid and total rod degeneration has produced only a transient and partial rescue, or no rescue (4, 33) . Moreover, in wild-type mice overexpressing Bcl-2 in photoreceptors there was a 20-50% loss of rods and rhodopsin (4, 34) . To overcome these problems, a transgenic mouse with Bcl-x L overexpression under control of the murine IRBP promoter Bcl-x L transgenic (Bcl-xL) mouse retinas. Control adult mouse neural retina have compact organization of rod and cone OS and IS, outer nuclear layer (onl; 10 -11 nuclei), outer plexiform layer (opl), inner nuclear layer (inl; 4 -5 nuclei), inner plexiform layer (ipl), and ganglion cell layer (gcl; 1-2 nuclei). In controls, low-level staining is observed in all nuclear layers and ISs. In Bcl-x L mice, the overexpressed protein is localized exclusively to photoreceptors such that intense staining is observed in the ISs and perinuclear (onl) region. (Scale bar ϭ 50 m.) ( Fig. 1) was used because the initial and maximal levels of IRBP expression, a glycolipoprotein unique to retina and pineal, occur earlier during postnatal development than opsin (35) : the period when most rod apoptosis occurs in inherited and chemicalinduced retinal degenerations (4, 6, 10, 12) . In addition, a kinetically and clinically relevant mouse model of rod-selective apoptosis produced by developmental lead exposure was established (Fig. 2) .
In control mice, immunostaining revealed that Bcl-x L expression was low in all retinal layers (Fig. 1b Left) . In transgenic mice, Bcl-x L was overexpressed exclusively in photoreceptors. The highest expression occurred in ISs (Fig. 1b Right) , revealing the mitochondrial localization of Bcl-x L . Bcl-x L overexpression in rods, unlike Bcl-2, produced no retinal pathology (Fig. 2b) .
Rod Photoreceptor Loss in Lead-Exposed Mice Is Inhibited by Bcl-xL
Overexpression. Low-level lead exposure during development produced a progressive rod-selective degeneration characterized by an exponential decline of rods into adulthood (Fig. 2a) . Rod loss was Ϸ7-fold faster during than after lead exposure even though retinal [Pb] and [Ca] remained elevated (see below). Adult mice (PN90) exposed to lead during development lost one to two rows of rod nuclei and had increased spacing between remaining rod nuclei (Fig. 2b) . This loss exhibited a central-toperipheral gradient such that 27% and 22% of rods in the inferior central and peripheral retina died by apoptosis, and overall 22% of the rods were lost (Fig. 2c) . This finding was confirmed by a 24% decrease in rhodopsin content per eye (Fig. 2c) . Lead exposure had no effect on cone viability, as mean Ϯ SEM cone counts were not different between groups (3.4 Ϯ 0.4 per 100 m). Adult Bcl-x L ͞lead mice exhibited no loss of rods or decrease in rhodopsin content (Fig. 2 b and c) or loss of rods at PN180 (data not shown), demonstrating complete and long-term protection by Bcl-x L overexpression. These results establish the usefulness of this model of progressive rod-selective apoptosis for examining the mechanisms of lead-induced apoptosis and protection by Bcl-x L overexpression in rods.
Bcl-xL Overexpression Blocks Rod Apoptosis and Decreased QOPR, but
Not Ca 2؉ Overload. Chromatin condensation, high molecular weight DNA fragmentation, and caspase activation are hallmarks of apoptosis (22, 36) . EM studies showed the presence of apoptotic rod nuclei in retinas of PN21 lead-exposed mice (Fig.  2d) . FIGE revealed that retinas from PN21 lead-exposed mice had a marked increase in 600-, 300-, and 50-kbp DNA fragments (Fig. 2e) . These DNA fragmentation and EM results are indicative of apoptotic cell death (36) . Bcl-x L overexpression completely blocked the lead-induced rod apoptosis as illustrated by rod cell counts and FIGE (Fig. 2 c and e) , suggesting a mitochondrial site of action of lead.
Therefore we measured QO PR in PN25 retinas. In retinas isolated from control and Bcl-x L mice, the dark-adapted QO PR was Ϸ1 mol O 2 mg dry wt Ϫ1 ⅐hr
Ϫ1
, and it decreased Ϸ35% during light adaptation (Fig. 2f ) . Relative to dark-and lightadapted controls, QO PR from lead-exposed mice decreased 34% and 24%, respectively. In lead-exposed mice, Bcl-x L overexpression maintained normal QO PR (Fig. 2f ) . Similar results were obtained in PN90 mice (data not shown). Ca 2ϩ is higher in rods during dark than light adaptation, and it produces concentration-dependent decreases in QO PR and increases in rod apoptosis (3, 7, 12, 28 ). This observation suggests that increased Ca 2ϩ contributes to the retinotoxic effects in lead-exposed mice. The mean Ϯ SEM [Ca] in control rod OS-IS was 23.1 Ϯ 1.6 ppm, which was not different in Bcl-x L transgenics. In PN25 lead-exposed mice, rod [Ca] was increased 37 Ϯ 7% and this was not prevented by Bcl-x L overexpression (39 Ϯ 9%), suggesting that Bcl-x L overexpression does not alter total rod [Ca] .
Bcl-xL Overexpression Prevents an Increase in Rod Mitochondrial
Contact Sites. Transmission EM and EM tomography were used to determine whether lead exposure produced ultrastructural or substructural alterations and͞or cristae remodeling in PN21 rod mitochondria (Fig. 3) . Rod mitochondria displayed an orthodox conformation that was uniform between groups with numerous pleomorphic cristae in an electron-dense matrix (Fig. 3a Upper) . There was no physical disruption of the OMM or matrix swelling from lead-exposed mice (Fig. 3 b-d ). These observations are supported by detailed analyses of mitochondrial substructures showing no differences between treatment groups for cristae widths, cristae junction diameters, OMM-IMM widths, CS widths, or CS diameters (Fig. 3 c and d) . Moreover, the mean Ϯ SD cristae͞mitochondrial volume (0.17 Ϯ 0.01), cristae͞ mitochondrial surface area (1.66 Ϯ 0.37) and cristae segments͞ unit volume (15.70 Ϯ 2.44) from lead-exposed retinas were not different from control values, indicating no subtle transitions involving cristae fission and tubularization (37) .
Mitochondrial CSs play a fundamental role in energy metabolism, protein import, and presumably apoptosis (18, 20, 21, 29, (38) (39) (40) . Resectioning of tomographic volumes along various axes confirmed the punctate nature of these CSs (Fig. 3a Lower) and supports the idea that CSs are relatively uniform in different mammalian tissues (29, 41) . The 3D distribution of CSs was mapped by using volume segmentation (29) . Surface-rendered volumes were displayed and rotated to study the 3D relationships of CSs (Fig. 3 a and b and http: ͞͞ncmir.ucsd.edu͞ϳperkins͞fox). Two novel results were obtained. First, the CS surface density or number, and surface area were increased Ϸ2.5-fold in apoptotic rod mitochondria of lead-exposed mice (Fig. 3e) . Second, Bcl-x L overexpression completely prevented the lead-induced increase in CSs such that mitochondria in Bcl-x L ͞Lead mice appeared similar to controls.
Bcl-xL Overexpression Blocks Bax Translocation and Activation of the
Cyt c-Caspase-3 Cascade. Next, we determined the effects of lead exposure in PN21 mice, with and without Bcl-x L overexpression, on Bax subcellular localization, rod ⌬⌿ m , Cyt c and MDH release, caspase-3 and -8 activity, and Bid cleavage. Developmental lead exposure resulted in the translocation of Bax from the cytosol, where it normally resides (17, 19, 20) in control and Bcl-x L retinas, to the mitochondria. Bcl-x L overexpression prevented this lead-induced translocation (Fig. 4a) . Studies with JC-1 revealed that rod mitochondria in control and Bcl-x L retinas had higher ⌬⌿ m , evidenced by the predominance of J-aggregates and minimal presence of JC-1 monomers, compared with a significant proportion of rod mitochondria from lead-exposed mice, evidenced by a decrease in J-aggregates and an increase in JC-1 monomer (Fig. 4b) . Bcl-x L overexpression prevented the lead-induced decrease in ⌬⌿ m (Fig. 4b) . Coincident with the decreased ⌬⌿ m in lead-exposed rods, 15-20% of the Cyt c from apoptotic rods was released (Fig. 4c) and retinal caspase-3 activity increased 4-fold (Fig. 4d) . Bcl-x L overexpression completely blocked all apoptotic events. Lead-induced rod apoptosis occurred in the absence of caspase-8 activation (Fig. 4d) or Bid (p22) cleavage (Fig. 4e) , showing that tBid (p15) is not involved in lead-induced Bax translocation or Cyt c release. MDH specific activity Ϯ SEM in control retinas was 1,451 Ϯ 126 nmol mg protein Ϫ1 ⅐min Ϫ1 and this partitioned with a 2:1 ratio in the supernatant (68 Ϯ 4%) and mitochondria (33 Ϯ 3%). These values were not significantly different in the other groups (data not shown), indicating that matrix MDH was not released into the cytoplasm during lead exposure.
Discussion
During developmental lead exposure, rod photoreceptor [Pb] and [Ca] slowly increase and the rate of rod apoptosis correspondingly increases (refs. 5 and 12; Fig. 2a ) as developing rods appear more sensitive to Ca 2ϩ and Pb 2ϩ than mature neurons (5, 8) . Similar kinetics of rod degeneration are seen in patients with inherited photoreceptor degenerations (10) . The maximal increase of rod [Ca] in lead-exposed mice was 40%, though Ca 2ϩ and Pb 2ϩ act additively to increase rod-selective apoptosis (7) . The elevated rod Ca 2ϩ and͞or Pb 2ϩ in lead-exposed mice may underlie our observed increase in rod mitochondrial contact sites. This idea is consistent with reports showing that incubation of isolated hearts, brain mitochondria, or liver mitochondria in buffers with elevated Ca overload is so rapid and massive (Ն200%) that apoptosis occurs quickly and Bcl-2 overexpression does not protect (4, 10, 12, 33, 34) .
The molecular mechanism of Cyt c release in rod mitochondria from lead-exposed mice is unknown. In lead-exposed mice, Bax is translocated to rod mitochondria, and these mitochondria exhibit a moderate decrease in ⌬⌿ m and release 15-20% of their Cyt c, presumably only from the pool in the intermembrane space (48), but not their matrix MDH. The release of Cyt c occurs in the absence of matrix swelling and OMM rupture. Our Bcl-x L blocks the lead-induced decrease in rod ⌬⌿ m. ⌬⌿m was measured in intact rods from PN21 mice by using the JC-1 dye. Mitochondria with higher ⌬⌿ m exhibited J-aggregates, whereas mitochondria with lower ⌬⌿ m were viewed as JC-1 monomers. (c) A representative immunoblot shows that Bcl-x L blocks lead-induced mitochondrial release of Cyt c in PN21 retinas of lead-exposed mice. Mitochondrial fraction (mito) and cytochrome oxidase (cyt ox) IV were controls as described (7) . (d) Bcl-x L blocks lead-induced caspase-3 activity (mean Ϯ SEM) in retinas of PN21 lead-exposed mice. ϩϩ, P Ͻ 0.02. (e) A representative immunoblot of cytosolic and mitochondrial fractions (mito) shows that Bid (p22) was not cleaved to p15 (tBid) in PN21 retinas of lead-exposed mice.
results are consistent with findings that (i) transient and nonsynchronous mitochondrial permeability transition pore activation by relatively low concentrations of Ca 2ϩ and͞or Bax, or by Bax translocation to the mitochondria after an apoptotic signal induce the release of IMS proteins and the matrix dye calcein without mitochondrial swelling (17, 20, 21, 39, 40, (48) (49) (50) (51) (52) and (ii) Bax overexpression in photoreceptors produces rod apoptosis (13) . In our lead-exposed mice, Bcl-x L overexpression completely blocked the rod apoptosis, translocation of cytosolic Bax to rod mitochondria, and increase in CSs and activation of the Cyt c-caspase cascade. Therefore, we suggest that overexpressed Bcl-x L in lead-exposed rods complexes with Bax and keeps it from clustering on mitochondria and interacting with different mitochondrial proteins such as VDAC (voltage-dependent anion channel) to release Cyt c and ultimately cause rod apoptosis (17, (19) (20) (21) 40) . This may be especially important during lowto-moderate Ca 2ϩ overload as Bax, under these conditions, sensitizes the mitochondria to Ca 2ϩ -induced mitochondrial permeability transition pore without matrix swelling (50, 51) . In summary, our multiparametric studies demonstrate that environmentally relevant lead exposure in developing mice produces a rod photoreceptor-selective apoptosis that was inhibited by Bcl-x L overexpression. This study presents images of mitochondrial CSs in an in vivo apoptosis model, shows that Bcl-x L overexpression blocks the increased formation of CSs, and demonstrates complete and apparently permanent protection of rod structure and function by Bcl-x L overexpression. These findings have relevance for therapies in a wide variety of retinal and neuronal degenerations where Ca 2ϩ overload, lead exposure, and͞or mitochondrial dysfunction occur slowly and continuously over time (2-12, 24, 39, 47, 48) .
